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1. EXECUTIVE SUMMARY

The performance, economics and technica feasibility of heavy duty combustion turbine power
systems incorporating two advanced power generation schemes have been estimated to assess the
potential merits of these advanced technologies. The advanced technologies considered were:
Thermochemica Recuperation (TCR), and Partia Oxidation (PO). The performance and economics of
these advanced cycles are compared to conventional combustion turbine Smple-Cycles and
Combined-Cycles. The objectives of the Westinghouse eva uation were to:

smulate TCR and PO power plant cycles,

evauate TCR and PO cycle options and assess their performance potential and cost
potential compared to conventiona technologies,

identify the required modifications to the combustion turbine and the conventiona power
cycle components to utilize the TCR and PO technologies,

assess the technicd feashility of the TCR and PO cycles,

identify what development activities are required to bring the TCR and PO technologies
to commercia readiness.

Both advanced technologies involve the preprocessing of the turbine fue to generate alow-
therma-vaue fud gas, and neither technology requires advances in basic turbine technologies (e.g.,
combugtion, airfoil materids, arfoil cooling). In TCR, the turbine fud is reformed to a hydrogen-rich
fuel gas by cataytic contact with steam, or with flue gas (steam and carbon dioxide), and the turbine
exhaust gas provides the indirect energy required to conduct the endothermic reforming reactions. This
reforming process improves the recuperative energy recovery of the cycle, and the ddivery of the low-
thermal-vaue fud gasto the combustors potentialy reduces the NOy emisson and increases the
combustor stability.

The PO technology partidly combusts the turbine fuel in a PO reactor, generating alow-
therma-value fuel gas. Thisfue gasis expanded in a high-pressure turbine, the PO turbine, and the
turbine exhaust gasis combusted as fuel for a second-stage, conventional heavy duty combustion
turbine. The cycle reduces the relaive amount of air requiring compression and increases the overdl

plant therma efficiency. It is aso expected to provide reduced NO, emissions.



Process simulation models of power systems based on the Westinghouse 501F combustion
turbine (fueled by natural gas) were developed on ASPEN Plusa to conduct the evaluaions. Two
TCR schemes were assessed, Steam-TCR and Hue Gas- TCR. Simple-Cycle versions of Steam-TCR,
Flue Gas-TCR and PO were smulated. A Combined-Cycle verson of Flue Gas- TCR was dso
samulated. TCR and PO power plant efficiencies were estimated as a function of the mgor study
parameters to determine acceptable cycle conditions. Cycle optimization was not performed. The
cycle materid and energy balance results were used to perform rough equipment sizing and to estimeate
power plant costs. A conventional coal-fired boiler repowering application was aso consdered, where
the PO turbine exhaust gas functions as the conventiond furnace fud. Cost estimates were not
generated for this repowering case and these evauation looked only & the generd feasibility of such a
repowering scheme.

Compared to conventional combustion turbine power cycles, the two TCR schemes show the
potentid for some plant hegt rate improvements, but their generd technica and cost feaghilities are at
issue. Both TCR schemes require the use of low sulfur natural gas to maintain reforming catalyst
activity. The Steam-TCR schemeisthe smplest and cheapest of the TCR cycles, and it has the highest
technical feasibility. Steam-TCR has estimated power plant efficiencies more than 13 percentage points
higher than the conventionad Simple-Cycle power plant, and it dso has congderably lower cost-of-
eectricity. On-the-other-hand, Steam-TCR has efficiency about 8 percent points lower than can be
achieved with the conventiona Combined-Cycle. Steam-TCR has capita investment and cost-of -
electricity comparable to the conventiona Combined-Cycle. High consumption of demineralized water
may be an issue for Sleam-TCR at some locations, but its technical issues and devel opment
requirements are moderate with repect to cost and time. Steam-TCR merits further evauation for
optimization of performance and cost.

The Combined-Cycle Flue Gas- TCR power plant efficiency is estimated to be only
0.3 percentage points greater than the efficiency of the conventiond Combined-Cycle power plant while
the Smple-Cycle Flue gas- TCR power plant has estimated efficiency about 3 percentage points higher
than the conventiona Smple-Cycle. Flue Gas-TCR has capitd investment and cost-of-electricity
consderably higher than the conventiona power plants. The complexity of the Flue Gas-TCR power
plant isjudged to be high, and extensive modifications are required to the combustion turbine and to



other conventiona power plant components. The development requirements for the FHue Gas TCR
power plant are greet with combustion performance and recycle flue gas cleaning requirements being
key technology issues. Flue Gas-TCR development does not merit further consderation.

Simple-Cycle PO shows potentia for efficiency improvements of more than 13 percentage
points compared to the conventional Simple-Cycle, but is about 7 percentage points less efficient than
the conventional Combined-Cycle. The Simple-Cycle PO power plant has cost-of-electricity
consderably less than that of the conventional Simple-Cycle and comparable to the conventiona
Combined-Cycle. The Smple-Cycle PO power plant dso has the potentia to produce considerably
more power than the conventiond Simple-Cycle and Combined-Cycle power plants, but with severa
technical issues. The generation of soot in the PO reactor isatechnical concern. Steam injection might
control soot generation to acceptable levels. The development of the high-pressure PO reactor and the
PO turbine are mgor development requirements. The efficiency of the Smple-Cycle PO power plant is
estimated to be dightly greater than that of the Steam-TCR power plant and has dightly better
economics. Steam-TCR has large consumption of demineralized water while the PO power plant has
lower, but Hill Sgnificant consumption of demineralized water. In general PO merits further evaluation,
and the cycle should be optimized.

The PO conventiond boiler repowering scheme shows some interesting possibilitiesasa
repowering technique. The PO turbine operates at more conventional pressure conditions when applied
for repowering. Full replacement of the conventiond boailer cod fud by the clean turbine fuel was
evauated, but partid replacement of cod-firing isamore redidtic Stuation. The conventiona cod-fired,
steam power plant efficiency can be increased sgnificantly and its power output increased moderately
with the PO retrofit scheme. The environmental performance of the conventiond cod-fired power plant
can adso be improved by applying this repowering scheme, utilizing the PO turbine fuel for reburn NO
reduction. The evauation performed here was only an exploratory consideration of the retrofit
performance, and further evaluation to consder the practical aspects and performance of the boiler
repowering adaptation to the PO fuel gasis needed.

Significant effort remains to develop, verify and commercidize both Steam-TCR and PO for
combustion turbine power systems, with Stesm-TCR being the technology closest to commercid
readiness. Some dterndtive fud types having lower reforming temperatures might be utilized in the



Steam-TCR cycle more efficiently than can naturd gas. Also, combustion turbines more advanced than
the reference 501F used in this evauation (e.g., the 501G and ATS) will probably have greater
efficiency and cost benefits from these advanced cycles. Both of these variations should be evaluated.



2. INTRODUCTION

Numerous gpproaches for improving the thermd performance of combustion turbine power
generation systems have been proposed since the early 1950s when combustion turbines were first
goplied for stationary power generation. Alternative gpproaches range from advanced topping and
bottoming cycles, to advanced turbinefiring conditions (Scalzo et d., 1996). Some of these
approaches have been put into practice to reach the current level of performance that combustion
turbine power generation has evolved to today. The prevaent factor enhancing performance has been
increases in firing conditions (temperatures and pressures) through advancesin airfoil design, materids
and cooling methods (Bannigter et d., 1995). The Westinghouse combustion turbine fleet islisted in
Table 1 dong with features such as firing conditions and cycle efficiency to illudrate thistrend. The
Westinghouse 501F combustion turbine is commercia, demonsirated technology. The 501G is State-
of-the-art, combustion turbine technology to be demonstrated in 1997. The ATS combustion turbineis
developing technology to be demonstrated in the year 2000. Cycle variations are dso being developed
to improve system performance in contrast to hardware improvements, such as evaporative cooling
cycles, recuperdtive cycles, intercooled cycles, humid air cycles, reheat cycles, advanced bottoming
cycles, and elevated steam bottoming conditions (Briesch et al., 1995).

Table 1. Westinghouse Combustion Turbine Fleet

501A | 501B | 501D | 501D5 | 5S01DA | 501F | 501G | ATS

Commercid year 1968 | 1973 | 1976 |[1982 | 1994 1992 | 1997 | 2000
Power (Smplecycle, | 45 80 95 107 120 160 230 290
MWe)

Pressure ratio 7.5 11.2 12.6 14.0 15.0 15.0 19.2 28.0
Rotor inlet tempera: 879 993 1096 | 1132 | 1177 1277 | 1417 | 1510
ture, °C (°F) (1615) | (1819) | (2005) | (2070) | (2150) | (2330) | (2583) | (2750)
Exhaugt temperature, | 474 486 513 527 540 584 593 593
°C (°F) (885) |[(907) | (956) |(981) | (1004) | (1083) | (1100) | (1100)

Effidency—Smple | 271 |294 [312 [340 [345 |[355 [385 |--
(%)

Efficiency —Combined | 37.9 | 464 |464 |484 |486 |531 |580 |60.0
(%)




Many proposed approaches for advanced combustion turbine power cycles have been rgected
as being unworkable or uneconomical and some have not yet been developed sufficiently to be verified,
demongtrated and commercidized. Thermochemica recuperation (TCR), adso known as chemical
recuperation, is one proposed technique that has been under evaluation for severd years as a promising
gpproach to increase power generation efficiencies, but it has not progressed to testing at a reasonable
scade. Fud reforming, the basis for the TCR cycle, isa commercid mature technology in the chemical
process industries, but its commercid operating conditions and process objectives are highly different
for the power generation gpplication. Severa evauations of the TCR technique applied to both heavy
duty industrid turbines and aeroderivative turbines have been reported in the literature (Kesser et d.,
1994; Ottarsson, 1991; Rao et d., 1993; Janes, 1990). These evauations provide conflicting points of
view on the effectiveness, feasibility, and practicdity of TCR techniques.

Partiad oxidation (PO) is another advanced technique proposed as a meansto increase the
performance of combustion turbine power systems based on theoretica, undemonstrated benefits. PO
isacommercia process used in the process industries for generating syngases from hydrocarbons, again
under conditions differing from those possible in power generation gpplications. A few evauations of
PO have appeared in the literature (Harvey et a., 1995; Walters and Weber, 1995), but assessment of
its application to actua heavy duty industrial combustion turbines have not been reported.

In this evauation, the potential incentives for developing these advanced cycles for use with
heavy duty combustion turbinesis assessed. The thermal performance potentia of the power plant
cycdesisonly one agpect of the evauation. Technicd feaghility and economic estimates are dso
required to make a judgment of the merits of the technologies. The evauation estimates budgetary cost
estimates that do not reflect commercia codis.



3. THERMOCHEMICAL RECUPERATION

31 TCRCYCLE DESCRIPTIONS

Fud reforming has been proposed by many organizations in the past as ameansto improve the
performance of combustion turbine power cycles, enhancing the performance of conventiona thermd
recuperation by incorporating endothermic fud reforming reactions within the recuperator. Two
dternative TCR cycle concepts are described and evauated here for heavy duty industrial combustion
turbine gpplications: Steam-TCR and Flue Gas-TCR. The scope of the evauation considers the power
plant thermd efficiency, economics and feashility (technica issues, commercia component
modifications required, development requirements, complexity, etc.).

STEAM-TCR

The Steam-TCR conceptud power cycle, aSmple-Cycle, isillugtrated in Figure 1. Thefigure
shows the exhaust gas from the combustion turbine passing through a thermochemica recuperator
vessd. The turbine exhaust gas provides the therma energy required to indirectly heet the
countercurrently-flowing fuel-steam mixture and to Smultaneoudy conduct endothermic fuel converson
reactions. The fud-steam mixture flows through catdyst-filled tubes, while the turbine exhaust gas flows
on the shell-side, countercurrent to the flow of the fuel-steam mixture. The partidly-cooled turbine
exhaust gas from the thermochemica recuperator vessel then passes through a heat recovery steam
generator (HRSG) to produce steam. The generd process flow diagram shows steam being generated
both for reforming and for a sleam-bottoming power plant. The Steam-TCR plant configuration
conddered in this evauation has dl of the steam generated being mixed with the turbine fue for the
seam-reformer reactions. This Steam-TCR cycle eiminates the steam turbine bottoming cycle used in
conventional Combined-Cycle power plants, and is equivaent to a Smple-Cycle plant. A Combined-
Cycle verson of the Steam-TCR is dso possible, if reforming with lower ratios of seam-to-fud as
acceptable.

The Steam-TCR cycleis comparable in many aspects to a Steam-Injected Turbine cycle,
shown in FHgure 2. The Steam-Injected Turbine cycle shown injects dl of the sleam generated in
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the HRSG into the combustor and turbine, resulting in lower NO, emission and more turbine power
output through the increased turbine mass flow. The Steam-Injected Turbine cycleillustrated is of
hypothetica vaue only, sncethis cycleisredly gpplicable for use in cogeneration gpplications requiring
process steam. In practice, not al of the steam potentialy generated can be injected into the combustor
or turbine due to limits on the steam-fue mixture combustion gtability and limits on the maximum turbine
mass flow.

The mgor reactions involved in Steam-TCR are well known, and the overdl reaction for a

generd hydrocarbon fud, C.Fn, is:

CHn + nHO=>nCO + (n+m/2) H, (DH = 226 kJmole for methane) (@)

Other reactions aso enter into the reforming process, such as the water-shift reaction,

CO + H,0 <=> CO, + H, (DH = 41 kJmole) @)

and the Boudouard and methane decomposition reactions,

2 CO <=> C(solid) + CO» (DH =-173 kJmole) (3)

CH, <=> C(solid) + 2 H, (DH =75 kJmole) 4

The formation of carbon must be minimized in the operation of the reformer to minimize fouling

of heet transfer surfaces, blinding of catayst particles, plugging of flow paths and carbon losses.

The theoretica merits of the Steam-TCR concept are based on the overal endothermic nature

of the reforming chemicd reactions, and the formation of alow-therma-vaue fud gas replacing the

high-thermal-vaue turbine fud, with both factors contributing to improved efficiency in the power plant

(Vakil, 1983; Rabovitser et d., 1996). The resulting low-thermad-vaue fud gas may dso have
improved combustion stability characteristics compared to the fuel-steam mixture resulting in the Steam-
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Injected Turbine cycle. An added benefit of the hydrogen-rich, low-thermd-vaue fud gasis potentidly
lower NOy formetion in the combustor.

The thermochemica recuperator vessel in Steam-TCR must be designed as an effective,
economica cataytic reactor and heat exchanger, and severd discussons of reformer design
congderations have appeared in the literature (Janes, 1992; Rostrup-Nielsen et d., 1995). The high-
pressure, seam-fuel mixture flows on the tube-side of the recuperator, with the tubes being filled with
appropriately sized, nickel-based catdyst pellets. Turbine exhaust gas flows on the shell side,
countercurrent to the sseam-fud mixture. The TCR vessd is usudly pictured as being a component
attached to the front of the HRSG.

The reforming of hydrocarbons catayticaly with steam to generate hydrogen-rich syngas
sreams is amature technology that is gpplied widdy in the chemical process indudtries and in petroleum
refining. Inindudtriad chemica reforming applications, conditions are tailored for high fuel converson
efficiency usng minimum steam-to-fue ratios to maximize economic returns. In particular, in industria
gpplications the reforming reactions are performed at temperatures as high as about 900° C using high-
temperature combustion products as the heat source in radiant furnace designs. While high fuel
converson is achieved, the high temperature catdyst exposure aso resultsin relaively short catalys life,
These chemical processing temperatures are sgnificantly higher than can be achieved in combustion
turbine gpplications.

In combustion turbine applications, the fud reforming reactions are limited by the reaction
temperature that can be reached by heat exchange with the turbine exhaust gas, and the fuel conversion
will only proceed to partid completion. Thefiring of the Steam-TCR vessdl has been proposed in the
past as ameansto achieve higher fud reformation conversons (Homer and Hines, 1990), but this
gpproach is not utilized in this evauation. In combustion turbine applications, the seam-to-fud ratio is
higher than used in indudtria applications, and the operating pressure islower, o the converson of fud
isdill sgnificant. Also, the seam-to-fud ratios are large enough that carbon formation is not expected
(Janes, 1992; Rostrup-Niglsen et al., 1995).

The sengtivity of nickel-based catdysts to sulfur species requires that the fuel be desulfurized to
very low sulfur levels, usng commercia zinc-based sorbent or activated carbon contacting methods.
The low temperature exposure of the catalyst in combustion turbine gpplications should result in
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relatively long catdy<t life compared to industrid practice. The nickel-based catalysts used for fuel
reforming become active at temperatures greater than 300° C, temperatures that can be achieved in
combustion turbine gpplications, and above this temperature the fuel conversion approaches equilibrium
behavior in properly designed reactors (Janes, 1992; Rostrup-Nielsen et al., 1995).

FLUE GAS-TCR

Flue Gas- TCR is an dternative fud reforming power cycle. The Flue Gas-TCR cydle utilizes
recycled flue gas, rather than steam, as the reactant for the reforming reactions, and with thisa
Combined-Cycle configuration can be maintained. The fuel conversion reections involve partid

combustion resulting from the flue gas excess oxygen content, as well as steam reforming and carbon

dioxide reforming:
CiHn+n/20,==>nCO+m/2H, (DH = - 44 kJmole for methane) (5)
CiHh+nCO,=>2nCO+m/2 H, (DH = 261 kJmole for methane) (6)
CiHmn + nHO =>n CO + (ntm/2) H, (DH = 226 kJmole for methane) (7)

The water shift reaction and the Boudouard reaction may be significant under some process
conditions. Again, thefud reforming is ahighly endothermic process, if the flue gas oxygen content is
aufficiently low, and the process benefits the overdl cycle efficiency asit doesin Steam-TCR.

A Fue Gas-TCR cycle concept isillugtrated in Figure 3. Versions of this have been described
inthe literature (Harvey et d., 1995; Rabovitser et d., 1996). In this process, flue gasis recycled from
apoint before the stlack and is used both for fuel reforming and for turbine airfoil cooling. Because of
the presence of excess oxygen in the turbine exhaust gas, the cycle must be arranged so that the excess
oxygen leve in the flue gasis smdl (about 1 to 2% oxygen by volume). Therecycled flue gasis cooled
indirectly by inlet air so that it can be efficiently compressed in an intercooled flue gas compressor. Part
of the compressad flue gas is distributed to the turbine expander for airfoil cooling. The remainder of
the compressed flue gas is mixed with
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turbine fuel within the thermochemica recuperator vessel raisng the temperature of the mixture dightly
by partia combustion before the mixture enters the cataytic conversion and heet exchanger sections of
the thermochemical recuperator. Asis shown in Figure 3, a portion of the recycle flue gas may aso be
circulated directly to the turbine combustor. The low-therma-vaue reformed fuel gasis sent to the
turbine combustor where combustion is completed using compressed air, and the combustion products
are expanded. Turbine exhaugt gasisfira partidly cooled as it passes through the thermochemical
recuperator. The turbine exhaust isthen used to raise steam for a steam bottoming cycle.

In this cycle, the design of the thermochemical recuperator incorporates an initia partia
oxidation section followed by heat exchange and cataytic reactor sections. Noble metd or nickd-
based catalysts may be used, and it islikely that fud desulfurization will be required to reduce catalyst
deectivation. The gas chemidry is such that carbon formation will not occur in the reactor. The
recuperation temperatures and fuel conversons achieved may be dightly higher than those in the Steam-
TCR cyde.

3.2 EVALUATION BASIS

Power plant process cd culations and economic estimates have been made for a specific heavy
duty industrid combustion turbine, turbine fuel and set of performance assumptions and costing
premises. Steam-TCR and Fuel Gas- TCR have been evauated with the following technical bass:

Turbine Westinghouse 501F heavy duty indudtrid combustion turbine
Fud: desulfurized natural gas (modeded as pure methane)
Conditions. 1S0, base load
Turbine mass flow maintain at the 501F desgn mass flow
Rotor inlet temperature maintained at the 501F design rotor inlet temperature
Reforming reaction conversion performance estimated by three methods:
* equilibrium converson,
* IGT partid conversion correlations,
* partia converson based on prior literature correlations (Kesser, et al., 1994)
TCR vessd outlet temperature gpproach: 20°C
TCR vessd control vave fud-side pressure drop: 2.0 bar

The TCR process and cycle conditions were not optimized in the evaluation, but typical
approach temperatures for the TCR reactor were selected and gpplied with only limited variation.
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Standard assumptions used in Westinghouse commercid cycle estimates for power idand component
heat losses, pressure drops, mechanical 1osses, efficiency factors and auxiliary losses have been applied.

The 501F engine is a 3600-rpm heavy duty industria combustion turbine designed to serve the
60-Hz power generation needs. The 701F is a220 MWe-class heavy duty gas turbine for 50-Hz
markets. Some mgor 501F characteristics based on natura gasfue are:

Air flow, kg/s (Ib/s): 436 (961)
Number of compressor stages: 16

Compression rétio: 14.6
Number of combustor cans: 16

Turbine exhaugt gas flow, kg/s (Ib/s): 445 (981)
Rotor inlet temperature, °C (°F): 1316 (2400)
Exhaugt temperature, °C (°F): 607 (1125)

Number of turbine stages: 4

Number of cooled turbine rows: 6

To date, 60 of the 501F/701F machines have been sold, and the 22 units currently operating
have accumulated a combined 215,000 operating hours. The longest operating 501Fs are located at
the FP& L, Lauderdde plant. The 4 units at this Site have compiled more than 120,000 hours of
operaion with an average availability of over 94%.

The process flow diagrams have been evaduated using the ASPEN Plusa  process smulator
which iswell adapted to handling power cycles with nonstandard chemica conversons. A detailed
stage-by-stage model of the 501F was incorporated into the process smulator. The thermochemical
recuperator was modeled as a countercurrent heat exchanger. Detailed designs were not conducted on
the reformer, looking only at its thermodynamic potentia and rough sizing.

With appropriate catalysts and operating conditions the methane reforming reactions are
expected to proceed dmost the equilibrium. Experimenta correlations for methane reforming
conversion in steam and steam-carbon dioxide mixtures have been developed by the Indtitute of Gas
Technology (IGT) based on recent information collected from the former USSR, and these confirm a
close approach to equilibrium. A recent paper (Kesser et d., 1994) reported an estimation technique
for the chemica equilibrium temperature-gpproach:

DTq=0  for T,>650°C (8)
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DTe=43.33x (LO-T,/650)  for T, <650°C (9)

where DT, is the chemical equilibrium temperature-approach, and T, is the reformer operating
temperature.

The Steam-TCR and Flue Gas- TCR cycle results have been assessed with respect to the
performance merits of the TCR cycles aswdl as with regard to their economics, impact on required
combustion turbine modifications, and the generd feaghility of the cycles

The economic premises gpplied were:

Cost year: 2000

Generd inflation rate: 4%

Congruction period: 12 months

Congtruction period interest rate; 8%

Plant boundary. power idand and mgor auxiliaries for turnkey plant
Fuel cost: $3.00/MMBtu

Capacity factor: 85%

Capacity degradation: 2%/yr

Heat rate degradation: 2%/yr

Other financia premises consstent with Westinghouse commercia sdes

Equipment costs for non-standard components, such as the TCR reactors, were order-of-
magnitude estimates based on generd cost correlations and cost data for Smilar equipment. Standard

component equipment costs were taken from recent quotes and scaled as needed.

3.3 STEAM-TCR CYCLE PERFORMANCE
In the Steam-TCR power plant, the turbine exhaust gasis cooled from its 600°C initid
temperature to about 427°C in the thermochemical recuperator, before the exhaust gasis used to raise
steam at 207°C and 21.6 bar pressure. Two mgor performance factorsin the Steam-TCR cycle are
the reformed fud gas temperature achieved and the natura gas conversion that results. In the Steam-
TCR cycle studied, the values achieved were estimated as.
reformed fuel temperature (°C): 579
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natura gas reformer converson (%): 38

The gpproach temperature to equilibrium is estimated to be about 5°C, and an assumption of
equilibrium converson would have a very smdl influence on the conversion and the plant efficiency.
Even with a38% leved of fud converson, the benefits of thermochemica recuperation are evident in the
results shown below. The low-therma-vaue fud gas compostion (volume percent) is estimated as.

CO: 0.18
CO.: 3.59
H,O: 71.78
Ha: 14.90
CHy: 9.55

with an average molecular weight of 16.4 and a hot-gas heating vaue (LHV) of about 7.9 MJkg
(3400 Btu/lb) or about 3.5 MInm® (94 Btu/scf).

The main process parameters of interest to the Steam-TCR cycle performance, listed in
Table 2, are compared to the performance of the conventional Simple-Cycle and the conventiond
Combined-Cycle. The efficiency of the Steam-TCR plant, significantly less than that of the conventiona
Combined-Cycle plant (8.1 percentage points less), is subgtantialy higher than that of the conventiond
Simple-Cycle plant (13 percentage points higher). The water consumption rate is much higher than in
the conventiona Combined-Cycle or Smple-Cycle plants. The net power generated by the Steam-
TCR plant isintermediate to the Combined-Cycle and Smple-Cycle plants.

Table2. Steam-TCR Performance Comparisons

Conventiond Conventiond
Steam-TCR Smple-Cycle Combined-Cycle
Steam-to-natural gas ratio (mass): 6.6 NA NA
Air-to-natura gas ratio (mass): 43.0 42.7 42.7
Makeup water rate (kg/kWh): 1.0 0 0.02
Stack gas temperature (°C): 126 590 129
Net cycle power (MWe): 216 166 264
Net cycle efficiency (% LHV): 48.9 35.7 56.8

At the sdlected thermochemical reformer conditions with sseam-to-fuel massratio of about 6.6,
carbon formation is expected to be negligible in the reforming reactor. It isaso expected that the hot,
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low-therma-vaue fud gas combustibility will be excelent based on Westinghouse combustion
experience with amilar fuel gases. This evauation has considered the steam reforming of natura ges.
The Steam-TCR power plant performance with other fuels having lower reforming temperatures should
be better than the natural gas case considered (Rostrup-Nielsen, et a., 1995). The Steam-TCR cycle
is expected to have at least the same rel ative performance benefits for the advanced Westinghouse
501G and ATS turbine conditions thet it has for the S01F turbine.

34 FLUE GASTCR CYCLE PERFORMANCE
Both Smple-Cycle and Combined-Cycle versions of Flue Gas- TCR have been evauated. In
the Flue Gas- TCR power plant the thermochemica recuperator cools the turbine exhaust gas to about
490° C before the exhaust gas is used to raise steam for the steam bottoming cycle. Two mgor
performance factors in the Fue Gas- TCR cycle are the reformed fudl gas temperature achieved and the
natura gas converson that results. In the Flue Gas- TCR-cycle studied, the values achieved were
estimated as.
reformed fue exit temperature (°C): 597
fue reformer conversion (%0): 56
In this cycle, the air consumption rate is only about 37% of whét it isin the Steam-TCR cycle,
with recycled flue gas providing the remaining oxidant and cooling requirements. Thetotal stack gas
rate is about 35% of the stack gasrate in the Steam-TCR power plant. The flue gas recycle-to-natura
gas massratio is about 32.3 in the Flue Gas- TCR power plant and the combustor outlet excess oxygen
content is only about 1% by volume. Under conditions of complete circulation of recycle flue gasto the

flue gas- TCR vesH, the low-therma-vaue fuel gas composition (volume percent) is estimated as.

CO: 1.74
COzi 9.13
H,O: 15.07
Hy: 1.44
CHg: 2.13
N>: 64.49

with an average molecular weight of 25.8 and a hot-gas heating vaue (LHV) of about 2.1 MJkg
(920 Btwlb) or about 1.1 MI¥nm? (30 Btu/scf). Thisvery low fud gasthermd vaueis smilar to some
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blast furnace fuel gases, and sinceit iswarm gas (579°C) it could probably be combusted with
acceptable efficiency. It ispossble to increase the fud gas therma value smply by bypassing a portion
of the recycled flue gas around the thermochemica recuperator and directly into the turbine combustors,
injecting the flue gas at the combustor quench zone. Bypassing may be needed to ensure that efficiency
fuel gas combustion can be performed. Bypassing recycle flue gas has a smdl impact on the power
plant effidency.

Other process parameters of interest to the Hue Gas- TCR power plant performance are listed
in Table 3 and are compared to the performance of the conventional Simple-Cycle, and the Combined-
Cycle power plants. The Smple-Cycle and Combined-Cycle versons of Flue Gas-TCR are only
dightly more efficient than the conventional Simple-Cycle and Combined-Cycle power plants,
repectively: 3 percent points higher for Smple-Cycle Flue Gas- TCR and 0.3 percentage points higher
for Combined-Cycle Hue Gas- TCR. Hue Gas-TCR results in much less consumption of deminerdized
water than is needed for Steam-TCR.

At the sdlected thermochemica reformer conditions, carbon formation should be negligiblein
the reactor. It isaso expected that the hot, very low-therma-vaue fud gas combudtibility will be
acceptable, but the low excess oxygen content of the combustion products may result in high carbon
monoxide production. FHue gas bypass of the thermochemica recuperator may be needed to increase
the fud gasthermad vaue.

Table 3. Flue Gas-TCR Performance Comparisons

FlueGas-TCR | FlueGas-TCR | Conventiond Conventiond
Smple Cyde Combined Smple-Cycdle | Combined-Cycle

Recycle flue gasto-air ratio 2.0 20 0 0

(mass):

Air-to-natura gasratio (mass): 18.1 18.1 42.7 42.7
Makeup water rate (kg/kWh): 0 0.01 0 0.02

Stack gas temperature (°C): 433 93 590 129

Net cycle power (MWe): 181 228 166 264

Net cycle efficiency (% LHV): 38.7 57.1 35.7 56.8

35 TECHNICAL FEASIBILITY AND ECONOMICS
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The thermd performance potentid of the power plant cyclesis only one aspect of the
evaduation. Technica feasbility and economic estimates are dso required to make a judgment of the
merits of the technologies.

STEAM-TCR

The mgjor components in the Steam-TCR cycle are the air compressor system, the combustors,
the turbine expander, the HRSG, and the thermochemica recuperator. Technicaly, the Steeam-TCR
process is relatively smple and requires only limited modifications to the power plant commercid
equipment. Technica issues relate to many aspects of the Steam-TCR reactor design and operation,
and some information on this has been reported in the literature (Addman et d., 1995). Primarily, the
design and operating parameters for the thermochemical recuperator should be varied to optimize the
vessH size, heat transfer surface area, volume of catalyst contained in the vessdl, catalyst lossrate, gas
pressure drop, and equipment cost and operating cost. Utilization of the Steam-TCR cycle has severd
minor impacts on the combustion turbine and requires a number of modifications to the normd
combined-cycle equipment and configuration. Turbine and compressor modifications required to use
Steam-TCR are smilar to those made to accommodate integrated gasification combined cycle process
conditionsin combustion turbine power plants and are well understood modifications.

only dight reduction in compressor air rate

combustor modifications for combustion of hot, low-therma-vaue fuel gas
elimination of the seam bottoming cycle

modifications to the HRSG

modifications to the power plant control system

The modifications required are dso smilar to those made if the Steam-Injected Turbine cycle
were to be used.

A comparison of cost of the Steam-TCR power plant and the conventiond Simple-Cycle and
Combined-Cycles power plant costs are listed in Table 4, showing estimates of capital cost and cosi-
of-eectricity. The Sleam-TCR cycleis estimated to have economic potentid grester than the
conventiona Simple-Cycle power plant and comparable to the conventional Combined-Cycle power
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plant. It isexpected that further evaluation can optimize the Steam-TCR performance and economics to

improve the potentid of the Steam-TCR cycle even further.

Table4. Summary of Steam-TCR Results

Capacity | Effidency | Capitd Cost COE Practicdlity
(MWe) | (%, LHV) (HkW) (centgkWh) |ssues
Steam-TCR 216 48.9 339 3.7 - Largewater
consumption
- Desulfurization
fuel needed
- TCR vess design
Conv. Smple- 166 35.7 276 4.6 - Commercid
Cycle
Conv. Combined- 264 56.8 410 35 - Commercid
Cycle
FLUE GAS-TCR

The mgjor components in the Fue Gas-TCR power plant are the air compressor system, the
flue gas recycle system, the combustors, the turbine expander, the HRSG, and the thermochemicd
recuperator. The turbine airfoils are cooled by recycled flue gasin this cycle so that the turbine exhaust
gas oxygen content can be maintained a alow leve.

Flue Gas- TCR produces power plant efficiencies only dightly higher than those of the
conventiond Combined-Cycle plant, and requires mgor modifications to the combustion turbine
equipment and adds mgjor additional equipment and complexity to the power plant. The combustion
turbine air compressor is greatly reduced in capacity, the compressor air inlet temperature isincreased
ggnificantly, and no extraction air for airfoil cooling is needed. These changes would require moderate
engineering activities to redesgn and verify the modified 501F compressor. The arfoil cooling medium
is converted from air to recycled flue gas, and the combustors must be able to efficiently combust the
low-thermal-vaue fud gas having a supply temperature of about 595°C. Significant equipment for

recycled flue gas compression (intercooled compressor) and air-flue gas heat exchange isneeded. The
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thermochemical recuperator is amore complex reactor than in the Steam-TCR cases, having reactor
sections for partid combustion, steam and CO, reforming and heat exchange.

Efficient dleaning of the recyde flue gas may be required to diminate the accumulation of fud
contaminant and equipment corrosion/wear products to protect the compressor and turbine. The steam
bottoming cycle and HRSG are modified substantialy and the quaity of high-pressure steam that can be
generated islimited in the Flue Gas- TCR cycle.

The economics of the Flue Gas-TCR power plant and the conventional combustion turbine
plant (both Simple-Cycle and Combined-Cycle) are compared in Table 5, showing both capital cost
and cogt-of-dectricity. FHue Gas-TCR is not cost competitive with ether the conventiond Smple-
Cycle or Combined-Cycle, and it is unlikely that significant cost improvements can be made through
further evaluation.

3.6 DEVELOPMENT REQUIREMENTS
The development requirements for the Steam-TCR power plant to reach a Sate of commercid
readiness are:

sub-scale experimenta verification of the reformer performance and catalyst selection
and optimization of properties

detailed cycle optimization evaluaionsin pardld with thermochemical recuperator
design optimization

sub-scde combustor performance verification testing with the low-therma-vaue fuel
gas

component integration pilot plant testing

demonstration plant operation

23



Table5. Summary of Flue Gas-TCR Results

Capacity | Efficiency | Capitd Cost COE Practicality
(MWe) | (%, LHV) (kW) (centgkWh) | ssues
Fuel GasTCR
- Smplecycle 181 38.7 564 4.8 - Mgor modifications to
combustion turbine
- Combustion performance
- Desulfurized fuel needed
- Need to clean recycle
flue
gas
- Combined cycle 228 57.1 660 3.9 - Mgor modification to
combustion turbine
- Combustion performance
- Need to clean recycle
flue
gas
Conv. Simple- 166 35.7 276 4.6 - Commercial
Cycle
Conv. 264 56.8 410 35 - Commercial
Combined-
Cycle

The Steam-TCR power plant does not require Sgnificant modifications to combustion turbine

equipment, and the design modifications that are required can be performed with a strong background

from amilar turbine modifications and smilar combustor modifications for other gpplications. A

commercia background in the area of steam reforming of fuels exists that can be drawn upon to design

the thermochemica recuperator and to salect appropriate catdyst materids and properties. Thus, the

Steam-TCR development requirements are only moderate in cost and schedule, and the technology can

be consdered highly feasible and practica.

Flue Gas- TCR represents a much more chalenging technology to develop to a state of

commercid readiness than Steam-TCR. Development requirements include:

sub-scae experimentd verification of the partid combustor/reformer performance and
catalyst selection and optimization of catayst properties,
sub-scae combustor performance verification testing with the very low-therma-vaue
fud gas and low excess oxygen,
identification of recycdle flue gas deaning needs, identification of deaning techniques and

sub-scae verification tedting,
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design of modified air compressor and turbine integration, and verification testing,
evaudion of flue gasairfail cooling desgn and sub-scae verificaion testing,
detailed cycle optimization and plant integration evaluaionsin pardld with
thermochemica recuperator design optimization,
component integration pilot plant testing,
demondtration plant operation.

3.7 TCR CONCLUSONS

A Steam-TCR power plant with a heavy duty industria combustion turbine, fueled by naturd
gas, has the potentid for cycle efficiencies Sgnificantly higher than the conventional Smple-Cycle power
plant but lower than the conventional Combined-Cycle power plant. The rdatively smple equipment
modifications required, the potentialy improved NO, emissions that result, and the potential codt-
competitiveness of the cycle make Steam-TCR avalid candidate for continued development. Its
goplication to dternative turbine fues having lower reforming temperatures than naturd gas may be even
more attractive.

A Hue Gas-TCR power plant with a heavy duty industrial combustion turbine, fueed by natura
gas, shows asmdl efficiency advantage over a conventional Combined Cycle. The complexity of the
Hue Gas TCR cyde, the Sgnificant equipment modifications and development effort required to utilize
the cycle, itstechnica uncertainties, and its potentialy high cost make Flue Gas- TCR questionable for

continued congderation.
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4. PARTIAL OXIDATION

41 CYCLE DESCRIPTION

The partid oxidation (PO) of hydrocarbonsis a technique used extensively in the chemical
process industries to generate awide variety of petrochemicas. It has been previoudy discussed in the
literature as a means for improving the performance of combustion turbine power plants (Rabovitser
et al., 1996).

In partiad oxidation, a substoichiometric quantity of air is mixed with the turbine fuel to result in
the generation of alow-thermd-vaue fud gas by the following basic reactions:

partial oxidation reaction

CH,+120,=CO+2H, (DH = - 44 kJmole) (10)

water -shift reaction

CO + H,0 <=> CO, + H, (DH = 41 k¥mole) (12)

as well asthe Boudouard reaction, and direct methane decomposition (Equations 3 and 4). The
formation of carbon must be minimized in the operation of the partid oxidizer to minimize equipment
fouling and eroson, and to minimize carbon losses. The reactions do not require catadys's, and the fudl
does not require desulfurization.

A flow sheet for the Partid Oxidation power plant isshown in Figure4. Thefud, in this case
natural gas, is partidly oxidized in the partial oxidation (PO) reector. The resulting fud gasis expanded
through the high-pressure, PO turbine. The air for partia oxidation is compressed in stages with
intercooling. The air for the PO turbine may be extracted from the combustion turbine compressor or
may be taken from ambient air, or a combination of thetwo. The high-pressure PO turbineis cooled by
geam. Additiona steam is aso injected into the PO reactor to control the reaction temperature. The
fuel gas generated in the PO reactor, after expanding
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through the PO turbine, is combusted and expanded in a conventiond, heavy duty combustion turbine.
The energy in the combustion turbine exhaust is recovered to generate steam for use in the PO turbine.
Thereisno seam turbine in this cycle.

Partia oxidation benefits power cycles by combustion of fuelsin two or more stages, providing
the severd potentid advantages over conventiond cycles: lower air consumption and reduced ar
compressor work increased power plant thermd efficiency; lower NO, emissions; and, less cooling of

the same gas turbine.

4.2 EVALUATION BASIS
The Partid Oxidation cycle has been evauated for an actud heavy duty industrial combustion
turbine in combination with a hypothetica high-pressure PO turbine with the following bass.

The PO turbine is a hypothetical engine, specifically designed for the PO application
The combustion turbine is a Westinghouse 501F

Turbine mass flow is maintained at the 501F design mass flow

Rotor inlet temperature is maintained at the 501F design rotor inlet temperature
Fud: naturd gas (desulfurization not required; modeed as pure methane)
Conditions. S0, base load

Partiad oxidation converson performance estimated at equilibrium converson

Heat recovery steam generator pinch point temperature: 10°C

The PO air compressor took the PO reactor air from ambient.

The process flow diagrams were evaluated using the ASPEN PlusO process simulator which iswell
adapted to handling power cycles with nonstandard chemical conversons. A detailed stage-by-stage
modd of the 501F was incorporated into the process smulator. A rough stage-by-stage mode of the
PO turbine was dso utilized. Detailed designs were not conducted on the PO reactor, looking only a
its thermodynamic potentiad and rough szing.

The PO process and cycle conditions were not optimized in the evauation, but acceptable
conditions for the PO reactor were sdlected and gpplied and only limited cycle variations were
consdered. Standard assumptions used in Westinghouse commercia cycle estimates for power idand
component heat losses, pressure drops, mechanica losses, efficiency factors and auxiliary losses have
been applied. The same economic premises gpplied for the TC.R power plant evauation were applied

for the PO power plant economic evauation.
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43 CYCLE PERFORMANCE

A mgor parameter in the cycle evauation was the PO turbine inlet pressure. Table 6 ligsthe
performance results for the PO power plant, showing the breakdown of power generated in the PO
power plant for three different PO turbine inlet pressures: 45 bar, 60 bar and 100 bar. The projected
cycle efficiency ranges from 48.4% for a PO turbine operating pressure of 45 bar to 49.6% for an
operating pressure of 100 bar. Thereisno steam turbine in thiscycle. Additiond optimization of the
cycleto improve the efficiency is possible.

Table 6. Performance of the Partial Oxidation Power Plant

PO Turbine Pressure (bar) 45 60 100
PO Turbine Results
Shaft Power (MW) 16.9 33.9 51.4
Generator Losses (kW) 338 679 1027
Aux & BOP Losses (kW) 0 0 0
Net GT Power (MW) 16.6 33.2 50.3
501F Turbine Results
Shaft Power (MW) 303.3 305.6 303.8
Generator Losses (kW) 3545.7 3545.7 3545.7
Aux & BOP Losses (kW) 0 0 0
Net GT Power (MW) 299.8 302.0 300.3
GT Smple-CydeEff., %-LHV 49.08 49.94 50.16
Overall Cycle Results
BOP L osses (kW) 4131 4131 4131
Water Pump (kW) 463.5 635.0 986.6
Net Cycle Power (MW) 315.6 334.7 350.1
Net Cycle Efficiency, %-LHV 484 49.3 49.7

Operating at pressures of 45 bar and 60 bar, the maximum steam generation (or energy
recovery) is atained when the pinch point of 1 0°C isreached at the economizer. However, operation
at apressure of 100 bar, the controlling mechanism becomes the combustion at the 501F combustor.
Attempts to increase the steam generation in the boiler will result in incomplete combustion (or oxygen

deficiency) at the S01F combustor outlet or will result in lower than controlled temperature &t the
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combustor outlet. Thisis evident from the continuing decreases of oxygen concentration at the S01F

combustor outlet when the operating pressure increases from 45 bar to 100 bar. That iswhy the

efficiency improvement is margina, from 49.3% to 49.6%, when operating pressure isincreased from

60 bar to 100 bar. Substantia increase beyond an operating pressure of 60 bar is not recommended.

The PO gasturbine isahypothetica turbine unique to each set of conditions evaluated in this

andysis, i.e., operating inlet pressures at 45 bar, 60 bar, and 100 bar. In this evauation, the energy

from the intercooling of the PO turbine compressor was not recovered. The conditions of afew key

sreams are summarized in Table 7 for operating pressures of 60 bar, the near-optimum inlet pressure

for the PO turbine. The composition of the low-thermd-vaue fud gasissued from the PO turbineis
shown in Table 7. Thisfud gas has a hot therma value (LHV) of about 2.3 MInm?® (63 Btu/scf). The

fud gas molecular weight is about 20.7.

Table7. Conditions of Selected Gas Streams— 60 Bar PO Turbine Pressure

PO Reactor | PO Turbine Combustion
Stream Outlet Outlet Turbine Outlet Steam Stack Gas
Temperature (°C) 1316 773 608 575 98
Pressure (bar) 59.3 15.9 1.05 65.5 1.01
Mass Flow (kg/hr) 056x10° | 0.81x10° 1.77 x 10° 0.33x 10° | 1.77 x 10°
Compostion (mole
Fraction)
O, 0 0 0.0571 0.0574
N, 0.4646 0.3002 0.5421 0.5426
CO 0.0780 0.0504 0 0
CO; 0.0430 0.0278 0.0444 0.0444
H,O 0.2529 0.5173 0.3498 1.0 0.3491
CH, 0 0 0 0
H, 0.1558 0.1006 0 0
Ar 0.0055 0.0036 0.0065 0.0065
C (solid) 1.96E-20 1.27E-20 0 0

The oxygen concentration in the stack for the PO cycle is generdly lessthan 7% compared to a

vaue of 12.7% for the conventiond Simple-Cycle. The higher the PO turbine operating pressure is
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rased, the lower the oxygen content becomes. Indeed, the total air requirement is smdler than that of a
conventiond Simple-Cycle, reducing air compressor power requirement significantly.

44  TECHNICAL FEASIBILITY AND ECONOMICS
The mgor equipment components in the PO power plant are the

PO air compressor (intercooled)
PO reactor

PO turbine

Combustion turbine

HRSG

Asindividuad components, dl of these components are technicdly feasble. The components of
greatest uncertainty are the PO reactor and the PO turbine. The PO reactor isardatively smple device
and its design can follow the extensive commercid experience with partid oxidation of hydrocarbonsin
the chemica processindustries. One issuefor the partial oxidation of natura gasisthe potentia
formation of soot. It is estimated that under the selected conditions of operation soot formation should
be minimal, but demongtration of soot-free performance over the range of power plant operating
conditions would be required.

The PO turbine is a component with uncertain technica feasibility at the selected design
conditions. The expansion of hot, clean flue gasesin Smilar expander equipment has been consdered in
the past as being commercidly viable for application in cod gadification plants, dthough the inlet
pressure, expansion ratio, and inlet temperature (80 bar, 3.0, 300°C, respectively) were smilar, but not
as challenging as the PO turbine conditions (60 bar, 3.7, 760°C, respectively) (Fearrar et a., 1978).
Engineering methods are well developed that permit the airfoil cooling design using either open-loop or
closed-loop steam.

The combustion turbine can be adapted to function in the PO power plant. Modificationsto the
combustion turbine air compressor, combustors and expander section to utilize the hot, low-therma-
vaue fud gas as technicaly feasble usng exising engineering techniques and materids. The efficient
combustion of the hot, low-therma-vaue fuel gas with the low excess air levels required in the PO

power plant is atechnical issue requiring further evauation and testing.
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The PO power plant is not unusualy complex compared to commercid power plants.
Integration of the PO power plant components into a reliable, controllable power plant is an areafor
additiond evauation, but is not atechnica feasbility issue. It is expected that such integration is
technically feasible based on experience with other relaively complex Combined Cycle power plants.

The PO Cycle efficiency competes with the conventional Combined-Cycle and the Smple-
Cycdle. Itisessentidly a Smple-Cycle, and it may be possible to configure a Combined-Cycle version if
the steam requirements for the PO reactor can be reduced. Other options are dso available to improve
the PO cydle efficiency, such as integrating the combustion turbine air compressor with the PO air
compressor, and using the PO air compressor intercooling energy in the power cycle. Economic
comparison ismadein Table 8. The cogt is comptitive with both the conventiond Simple-Cycle and
Combined-Cycle, and it is expected that additional cost reductions can be identified through cycle and
equipment optimizations.

Table8. Comparison of PO Power Plant Economicswith Conventional Power Plants

Capacity | Efficdency | Capitd Cost COE
(MWe) | (%, LHV) (FkW) (centskWh)
PO power plant 335 49.3 291 3.6
Conv. Simple- 166 35.7 276 4.6
Cycle plant
Conv. Combined- 264 56.8 410 35
Cycle plant

45 DEVELOPMENT REQUIREMENTS
The development requirements for the PO power plant to reach a state of commercia readiness
are:

sub-scale experimenta verification of the partial oxidation reactor performance,
detalled cycle optimization evauationsin pardld with thermochemica recuperator
design optimization,

sub-scae combustor performance verification testing with the low-therma-vaue fuel
gas,

sub-scae experimentd verification of the partia oxidation performance,
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sub-scae combustor performance verification testing with the very low-thermal-vaue
fud gas and low excess oxygen,

detailed cycle optimization and plant integration evauations,

demondtration plant operation.

46  CONCLUSIONS

The PO power plant does not require significant modifications to the combustion turbine equipment.
Design modifications that are required can be performed with a strong background from similar turbine
modifications and smilar combustor modifications for other gpplications. A commercid background in
the area of partid oxidation of fuels exists that can be drawn upon to design the PO reactor with soot
formation being atechnica concern. The development of a new, high-pressure PO turbine is required
to use the cycle, and new turbine development is normaly an expensive undertaking requiring severd
years of development time. Existing high-pressure turbines that can be modified for this gpplication
need to be identified and evauated. Thus, the PO cycle devel opment requirements could be extensive
in cost and schedule, although the technology can be considered feasible and practical. Thereisample

economic potentia with the PO power plant to merit continued evaluation and development.



5. PARTIAL OXIDATION REPOWERING

5.1 REPOWERING CONCEPTS

Conventiona coa-fired power plants have been repowered with natura gas-fired combustion
turbines by so-cdled “Hot Windbox™ repowering techniques that utilize the turbine exhaust gas as
prehested combustion air for the coa fud. Repowering of a conventiond coal-fired power plant
improves the power plant efficiency and increases the plant eectrica output while maintaining the
existing steam cycle equipment. Conventiona coal-fired power plants could be repowered with a PO
turbine that provides alow-thermal-vaue fue gasto the cod-fired boiler to replace some or dl of the
cod fud. The low-thermd-vaue fud gas could be fired through the burners or as supplementd firing
into the superheater. This concept has been previoudy discussed (Rabovitser et d., 1996). Firing into
the superhesater region could aso act as reburn technology to reduce plant NOy emissons.

Fgure 5 shows the conceptud process flow diagram for this PO repowering technique. The
figure shows a PO reactor and PO turbine that operate to generate alow-thermal-value fuel gas that
can be fired in the exigting furnace. The outlet temperature of the PO reactor is controlled by adjusting
steam flow generated from a heat exchanger on the boiler stack gas stream. The hegt recovery
exchanger dso generates enough steam for cooling of PO turbine stages, snce air cooling cannot be
used in the PO turbine. A conceptud eva uation of the technique has been performed looking only a
limited aspects of the repowering scheme.

5.2 EVALUATION BASIS

Repowering of a coa-fired steam turbine plant rated at 180 MW, was studied in an ASPEN
process smulaion. The existing steam turbine plant has a gross heet rate of 7700 Btw/ kwh and a
gross efficiency of 44.3%. The steam conditions are 125 bar/538° C/538°C.

Since the gas-side operating conditions, such as gas flow rate, temperature profile, and hest
transfer surfaces in superheater, repeater, evaporator, and economizer were not available, the current

smulation can best be described as exploratory. For repowering, a more exact smulation
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is required which will include detailed calculations of heet transfer in the radiant section and aong the
convective sections of the heat recovery boiler to verify that the existing equipment is sufficient to
generate the steam conditions and quantity required for the steam turbine.

The PO reactor was Smulated assuming equilibrium outlet compositions are achieved. No
equipment of operating cost estimates were generated for the repowering scheme.

5.3 REPOWERING PERFORMANCE

Three PO turbine operating pressures were used in the smulation: 13.8 bar, 20.7 bar, and
27.6 bar. Theair supply to the PO reactor was set to be one-hdf of the stoichiometric requirement for
complete combustion of natura ges.

The fud gas generated through partial combustion was combusted in the radiant section of the
heet recovery boiler. Staged combustion will be necessary in this case to generate high temperature
required at the radiant section for efficient heet trandfer. A mixed temperature of the combusted gas
with an 8% excess oxygen content will give atemperature of around 1066°C, far from the 1370°C -
1650°C generdly obtained in the radiant section of a cod-fired bailer.

The heat generated through combustion of PO fuel gas was then recovered by the existing heet
recovery steam boiler conssting of superhester, reheater, evaporator, and economizer. Feed to the
economizer is from polished condensate a 0.53 x 10° kg/hr. The superheated steam going to the steam
turbine was at the rated conditions of 125 bar and 538°C. The stream returning from the steam turbine
for reheat was at 35 bar and 354°C. The reheated steam back to the steam turbine had the conditions
of 35 bar and 538°C. The superheated and reheated steams had similar conditions and flow rates as
that of the cod-fired power plant, o the existing steam turbine would function smilarly and generate the
rated 180 MW of power. The exigting air preheater would need to be converted to, or replaced by, a
steam generator to generate steam for cooling of PO turbine stages and for mixing in the PO reactor.

The calculated combined cycle efficiency for PO turbine operating pressures of 13.8, 20.7, and
27.6 bar are 45.4%, 46.4%, and 46.5%, respectively. Increasing the operating pressure improves the
cydeefficiency initidly, but quickly levels off. Thisis because a a pressure of 13.8 bar, the pinch point
(which was assumed to be 10°C) was at the economizer. At higher pressures of 20.7 and 27.6 bar, the
pinch point shifts to the steam generator because the steam generated would have higher temperatures
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due to higher steam pressures. Selected stream conditions are summarized in Table 9 for the PO

turbine operating pressure of 20.7 bar. The fud gas molecular weight is about 21.9 and the hot fud gas

thermal value (LHV) sent to the boiler is about 3 MI¥nm? (85 Btu/scf).

Table9. Sdected Stream Conditionsfor Operating Pressure at 20.7 bar

PO Reactor | PO Turbine | Combustor
Stream Outlet Outlet Outlet Stack Gas
Temperature (°C) 1316 608 1038 124
Pressure, bar 20.7 11 1.06 1.05
MassFlow (kg/hr) | 049x10° | 050x10° | 1.37x10° | 1.37x 10°
Compodtion (mole
fraction)
O, 0 0 0.0794 0.0794
N> 0.4625 0.4505 0.6802 0.6802
CcO 0.0831 0.0809 0 0
CO, 0.0413 0.0402 0.0519 0.0519
H,0 0.2421 0.2618 0.1804 0.1804
CH, trace trace 0 0
H, 0.1654 0.1611 0 0
Ar 0.0055 0.0054 0.0081 0.0081
C (solid) 2.30E-20 2.24E-20 0 0

The boiler gross power output results are:

Base gream turbine: 181 MWe
13.8 bar PO turbine: 269 MWe
20.7 bar PO turbine: 286 MWe
27.6 bar PO turbine: 298 MWe

The PO turbine repowering scheme can increase the power plant output and plant thermal
efficiency sgnificantly, and the PO turbine can be designed and operated at pressures in the same range

as current heavy duty combustion turbines.

54  TECHNICAL FEASIBILITY AND DEVELOPMENT REQUIREMENTS
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The technica feasbility and development requirements of the PO equipment (primarily the PO
reactor and PO turbine) for repowering is smilar to the technical feasibility of the same componentsin
the PO power plant scheme of Section4. The larger issue is the feasibility of effectively repowering an
existing cod-fired boiler so that the steam generation rate and steam quality is maintained at the Steam
turbine desgn conditions. Full replacement of cod by PO fud gas may not be possible without
extensive modification to the boiler heat transfer surface and boiler flow passages. Partid replacement
of coal by PO fuel gasis expected to be more potertidly feasible scheme, but the extend of cod
replacement that can be economically achieved will be specific to each individua power plant design.

5.5 REPOWERING CONCLUSIONS

PO repowering of conventiona cod-fired boilers shows some potentia for improving plant
efficiency and increasing power output, as wel asimproving the stack emissons of sulfur oxides and
NOy. Partid replacement of cod isamore feasible option than full replacement of cod. Additiond
repowering evauations are needed that consider the details of some specific cod-fired power plant
repowerings. Such evauations should assess the furnace and boiler retrofit modifications needed and
estimate the retrofit costs in order to develop a quantitative understanding of the merits of this
repowering scheme with respect to conventiona hot windbox repowering.
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6. CONCLUSIONSAND RECOMMENDATIONS

The performance potentia, the cost potentia and the feasibility issues for the TCR and PO power
plants are summarized in Tables 10 and 11. Comparison is made to the conventional Smple-Cycle and
Combined-Cycle power plants.

Table 10. Summary of TCR Results

Capacity | Efficiency | Capita Cost COE Feagbility
(MWe) | (%, LHV) (FkW) (cents/kWh) | ssues

Steam-TCR 216 48.9 339 3.7 - Large water consumption
- Desulfurized fuel needed
- TCR vessd design

Fuel Gas-TCR

- Smple Cycle 181 38.7 564 4.8 - Magor modifications to
combustion turbine
- Combustion performance
- Desulfurized fuel needed
- Need to clean recycle
flue
gas
- Complex cycle

- Combined Cycle 228 57.1 660 3.9 - Mgor modification to
combustion turbine
- Combustion performance
- Desulfurized fuel needed
- Need to clean recycle
flue
gas
- Complex cycle

Conv. Simple 166 35.7 276 4.6 - Commercial
Cycle

Conv. Combined 264 56.8 410 35 . Commercial
Cycle
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Table11. Summary of PO Results

Capacity | Efficiency | Captid Cost COE Feagbility
(MWe) | (% LHV) (kW) (centgkWh) | ssues
Simple Cycle PO 335 49.3 291 3.6 - Large water consumption
- Soot formation
- PO turbine development
- Combustion performance
Conv. Simple- 166 35.7 276 4.6 - Commercial
Cycle
Conv. 264 56.8 410 35 - Commercial
Combined-
Cycle

Compared to conventiona combustion turbine power cycles, the TCR power cycles show the
potentia for sgnificant plant heat rate improvements, but their genera feasbility isat issue. The Steam-
TCR scheme, the smplest and chegpest of the TCR cycles, has the highest potentia feasibility. Steam-
TCR has estimated power plant efficiencies sgnificantly higher than the conventiona Smple-Cycle
power plant, and is aso cost competitive. On-the-other-hand, Steam-TCR has efficiency lower than
can be achieved with the conventiona Combined-Cycle, but is still cost competitive with the
conventiona Combined-Cycle. High consumption of deminerdized water may be an issue for Steam-
TCR at some locations. It isrecommended that Seam-TCR be evaluated further with the goal of
optimizing the cycle and the major equipment designs.

Flue Gas- TCR power plant efficiencies are estimated to be only dightly greeter than the
efficiency of conventional Combined-Cycle power plants. The complexity of the Flue Gas- TCR power
plant isjudged to be high. Extensive modifications are required to the combustion turbine and to other
conventiona power plant components. The development requirements for the Hue Gas- TCR power
plant are great with combustion performance and recycle flue gas cleaning requirements being key
technology issues. Cogt estimates indicate that there islittle incentive to continue the evauation of Flue
Gas TCR or to consider development of the technology.

PO shows potentid for sgnificant performance improvements compared to conventiona
Smple-Cydes, having efficiency significantly higher than the Smple-Cycle, but not as great asthe
conventiona Combined-Cycle. The PO power plant aso has the potentia to produce much more
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power than the conventional Simple-Cycle and Combined-Cycle power plants, but with severa
technical issues. Soot formation isamgor technica issue. The development of the high-pressure PO
turbineisamagor development requirement. The efficiency of the PO power plant is estimated to be
dightly greeter than that of the Steam-TCR power plant, and the PO power plant has rdatively large
consumption of deminerdized water, dthough less than Steam-TCR. The economic potentid of the PO
power plant is very good with the estimated costs being competitive with both the conventiona Simple-
Cycle and Combined-Cycle. It isrecommended that the PO cycle be evaluated further with the
goal of optimizing the cycle and the major equipment designs.

The PO conventional cod-fired boiler repowering scheme shows some interesting possibilities
as a partia-coa -replacement repowering technique. The conventiona steam power plant efficiency can
be increased significantly and its power output increased moderately with the PO repowering scheme.
The scheme is probably more suited to partia replacement of coa than it isto complete cod
replacement and it may be applied to reduce power plant emissons of sulfur and NOy. The evauation
performed here was only a preliminary consideration of the repowering performance, and further
evaluation to consider the practical aspects and performance of the boiler repowering
adaptation to the PO fuel gasis needed.

Significant effort remains to develop, verify and commercidize both Steam-TCR and PO for
combustion turbine power systems. It is evident that some alter native fuel types, especially those
having lower reforming temperatures, may be utilized in the Steam-TCR cycle more efficiently
than can natural gas. Also, combustion turbines more advanced than the reference 501F used in
this evaluation, such as the 501G and ATS will probably have greater efficiency and cost

benefits from these advanced cycles than does the 501F.
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